We examined changes in the expression of fibronectin during the induction of cardiac hypertrophy by L-triiodothyronine administration and by mineralocorticoid-and salt-induced experimental hypertension. By use of Northern and Western blotting procedures, fibronectin was localized mainly in the atria of normal rat hearts. Atria contained 10-and 5-fold higher relative concentrations of fibronectin mRNA and protein, respectively, compared with ventricles. During the progression of cardiac hypertrophy induced by L-triiodothyronine over a 10-d period, there was a progressive increase in fibronectin mRNA for the first 6 d followed by a return to control levels. The major change could be accounted for by changes in ventricular mRNA, which increased about four-to sixfold. In contrast, protein levels in ventricles increased progressively over the 10-d treatment period. Ribonuclease protection analysis indicated that the relative amounts of fibronectin isoforms containing exons designated EIIIA and EIIIB increased during the progression of hypertropy. When cardiac hypertrophy was induced by mineralocorticoid and salt treatment, increases in ventricular fibronectin mRNA and protein and the induction of alternatively spliced forms of fibronectin were also observed. However, the extent and temporal pattern of fibronectin expression differed between the two experimental models. (J. Clin. Invest.
Introduction
Fibronectin, a dimeric glycoprotein found in the extracellular matrix of most tissues, is thought to have a functional role in various biological events, including cell adhesion, cell migration, wound repair, and oncogenesis (1, 2) . The protein is the product of a single gene and is subject to alternate splicing, leading to the formation of different isoforms (3) . Fibronectin can bind to other components of the extracellular matrix and to specific receptors on cell membranes, and those interactions can influence either the structural or mechanical properties of the matrix and the phenotype of the adhering cells. Fibronectin has been identified immunohistochemically in the interstitial tissue ofcardiac tissue from young and adult rats and has been shown to be synthesized by neonatal myocytes (4) . In the neonatal and normal adult heart, immunodetectable fibronectin is distributed in a reticular pattern, suggesting a Receivedfor publication 3 July 1991 and in revisedform 26 August 1991. pericellular or interstitial localization around most cells. Fibronectin has been localized along the outer surface of myocytes and appears to connect the cell to perimyocytic collagen, implying a role for fibronectin in modulating collagen orientation and thereby influencing myocardial compliance (5) . Another study has noted that, in the heart, fibronectin is preferentially distributed around vasculartissue (6) . Recently, an immunohistochemical study of fibronectin in experimental myocardial infarction showed marked increases in immunodetectable protein in the infarcted area after only 1 to 2 d after coronary ligation, with the maximum intensity of staining diminishing subsequently (7) . The early changes were attributed to plasmaand platelet-derived fibronectin, whereas de novo synthesis, which occurred later, appeared to be the second source of increased fibronectin deposition. Immunohistochemical techniques have also been used to show alterations of extracellular matrix components in the rat heart during acute pressure overload induced by thoracic aortic constriction (6) . Fibronectin accumulated in focal areas of damage within 2 d after surgery, preceding changes in collagen, suggesting that fibronectin was a sensitive marker ofcardiac lesions. There appear to be no other prior reports on the relationship between fibronectin expression in cardiac tissue and cardiac hypertrophy, despite the multifunctional properties of fibronectin as an extracellular matrix component and the importance of cardiac hypertrophy in clinical medicine.
We recently found major increases in fibronectin mRNA and protein in the rat aorta after the onset of experimental or genetic hypertension (8) , conditions known to induce vascular hypertrophy. Fibronectin has been shown to induce changes in the phenotype of cultured vascular smooth muscle cells that resemble the changes occurring in vivo in response to hypertension (9) , suggesting that fibronectin may have a causative role in vascular hypertrophy. In this study we have induced cardiac hypertrophy in rats by either triiodothyronine administration or by a deoxycorticosterone (DOC)' and salt-induced form of experimental hypertension and have measured the changes in cardiac fibronectin. We used Northern blotting procedures to measure steady-state mRNA levels, ribonuclease protection assays to determine changes in alternatively spliced isoforms of fibronectin, and Western blotting techniques to assess directly the amount and nature of the protein present.
We found that fibronectin expression increased in both experimental models, but temporal and spatial differences in amounts of steady-state mRNA, alternatively spliced isoforms, and protein were observed between the two models. In vitro transcription and ribonuclease protection assay kits were purchased from Ambion, Inc. (Austin, TX). Nitrocellulose paper and protein standards for SDS-PAGE were purchased from Bio-Rad Laboratories (Richmond, CA). Polyclonal goat anti-rabbit and goat anti-human fibronectin antibodies were purchased from Sigma Chemical Co. (St. Louis, MO), as was the antigoat IgG-horseradish peroxidose antibodies. MAb against the fibronectin EIIIA exon was a gift from Dr. L. Zardi (Cell Biology Laboratory, Istituto Nazionale per la Ricerca sul Cancro, Genova, Italy).
Animals. Male Wistar rats, 175-200 g, were obtained from Charles River Breeding Laboratories (Wilmington, MA), allowed a 1-2-wk period of adjustment to the animal quarters, and used for all studies described. L-triiodothyronine was administered by intraperitoneal injection at a dosage of 10 gg/100 g body wt in a total volume of0.25 ml.
Injections were given daily for time periods up to 10 d. Control animals were given equal volumes of saline. DOC and salt hypertension were induced as previously described (10) . Briefly, DOC pellets (100 mg s.c.) were implanted into uninephrectomized rats and saline was substituted for drinking water. Systolic blood pressure was measured by tail cuff plethysmography and a photoelectric cell detector as described previously (I 1). Animals were killed with an overdose of sodium pentobarbital. Hearts were rapidly excised, the pericardium was removed, and atria and ventricles were separated at the atrioventricular sulcus, with workers ensuring that the tissue always was kept moist with cold PBS. When necessary, the ventricular free walls were dissected from the septum, and all the tissues were rinsed free of blood before extraction for either RNA or protein.
RNA isolation and Northern blot analysis. Total RNA from rat tissues was extracted using the guanidinium thiocyanate/cesium chloride centrifugation method (12) with minor modifications. RNA concentration was determined by ultraviolet (UV) spectrophotometry, and 5-20 gg of total RNA was separated using 0.9-1.2% agarose/l1.4 M formaldehyde gel electrophoresis. Equivalent amounts ofRNA in each lane were confirmed by visual examination of ribosomal RNA using ethidium bromide staining. The gels were denatured, neutralized, and transferred to nylon membranes (Gene Screen; Du Pont Co.). The membranes were rinsed in 2x standard saline citrate (I X SSC is 0.15 M NaCl, 15 mM sodium citrate, pH 7.4) and UV-crosslinked using a Stratalinker apparatus (Stratagene, Inc., La Jolla, CA). The membranes were prehybridized for 3 h in 5x SSC containing 1.5% SDS, 10% dextran sulfate, and 200 Mg/ml of sonicated salmon sperm DNA. cDNA probes were labeled using the random hexanucleotide primed method (13) , with resulting specific activities of -1 X 109 cpm/Mgg DNA. Hybridizations were performed for 16 h at 60-65°C using the prehybridization solution containing labeled probe. The membrane was then washed in 2x SSC at ambient temperature for 10 min and then washed again with 0.5% SDS in 0.5x SSC at 55°C for 30 min. When necessary, a more stringent wash was performed using 0.1% SDS in 0.1 x SSC at 63°C for 10-30 min. The membranes were exposed to preflashed x-ray films (Kodak X-Omat) using intensifying screens (Cronex lightning plus) for 12-36 h at -70°C. Laser densitometry, using a 300-A computing densitometer (Molecular Dynamics, Sunnyvale, CA), was used to quantitate the relative signal intensity of the bands obtained.
Western blot analysis. Tissue samples were homogenized in the cold using a Polytron apparatus in PBS containing aprotinin (5 trypsin inhibitory units/ml), leupeptin (10 mM), pepstatin A (1 mM), and PMSF (1 mM), at a 10:1 ratio of buffer volume to tissue wet weight.
The homogenate was centrifuged at 25,000 g for 20 min at 4°C, and the supernatant was removed and saved. The pellet was resuspended in 4% SDS, the resuspension was heated at 100°C for 4 3) . Immunodetection was performed with using a goat anti-rabbit polyclonal antibody to fibronectin after pretreatment of the nitrocellulose support with 10% Carnation evaporated milk for 1 h. Subsequent analysis utilized an anti-goat IgG HRP-conjugated second antibody, and chemiluminescence emitted from luminol oxidized by peroxidase was used as a detection method. The first antibody was used at a dilution of 1:2,500 and the second antibody at a 1:10,000 dilution. The general protocol was similar to that described in the instructions of the Enhanced Chemiluminescence Detection kit obtained from Amersham International (Amersham, UK).
Ribonuclease protection assay. The general procedure followed was that outlined in the instruction supplied with kits obtained from Ambion. Linearized pGEM vectors containing the appropriate cDNA were used as templates to make labeled antisense RNA probes. The transcription reaction was performed using T7 RNA polymerase, [a-32P]CTP (800 Ci/mmol, Dupont/New England Nuclear), and unlabeled nucleotides. Each cRNA probe contained regions encompassing alternatively spliced exons and adjacent exons common to all forms of fibronectin. The labeled RNA probes (0.5-1.5 x I05 cpm; 300-900 pg)
were precipitated together with 5-10 gg of total RNA from the designated tissue source. The RNA mixture was resuspended in a hybridization solution containing 80% formamide, 40 mM 1,4-piperazine-diethanesulfonic acid (Pipes, pH 6.4), 400 mM sodium acetate, and 1 mM EDTA. The reaction mixture was heated at 90°C for 4 min and incubations were performed at 45°C for 16 h. Excess unhybridized probe was digested with a mixture of RNase T1 (65 U) and RNase A (0.33 U) in 10 mM Tris, pH 7.5, 300 mM NaCl, and 5 mM EDTA for 30 min at 37°C. Yeast RNA (20 ,g) was added and the samples were treated with 20 Mg proteinase K and 1% SDS for 15 min at 37°C to remove nucleases. The mixture was extracted with phenol/chloroform/isoamyl alcohol and the RNA was precipitated with ethanol. The pellet was resuspended in RNA loading buffer, denatured at 90°C for 4 min, and rapidly applied to 5-8% sequencing gels. After electrophoresis the gel was fixed, dried, and exposed to x-ray film. The autoradiogram was scanned by laser densitometry to quantitate the protected labeled RNA. The radioactive bands corresponding to protected fragments were excised from the dried gel using the autoradiograph as a reference.
The gel was rehydrated with 50 ,l ofdistilled water and incubated with 10 ml of 5% Protosol in Econofluor (Du Pont Co.) at 37°C for 18 h before scintillation counting. The relative amounts of fibronectin containing a particular isoform were calculated as follows: protected mRNA fragments that contained EIIIA (280 nt) and EIIIB (350 nt) exons were larger than protected fragments that lacked EIIIA (109 nt) and EIIIB (100 nt). The quantitated amounts of protected fragments lacking the alternatively spliced exons were corrected to take into account the size difference, with the assumption that an equal rate and extent of label incorporation occurred for all protected fragments. The amount of total detectable fibronectin mRNA was the sum of the amounts of both protected fragments, and the relative amounts were computed by dividing the amount of the exon-positive moiety by the total amount of fibronectin mRNA.
cDNA probes. Rat fibronectin (Xrlf-1), prFN-A, prFN-B, and prFN-V were obtained from R. 0. Hynes (3, 15) . Human ,B1 integrin and glyceraldehyde 3-phosphate dehydrogenase were purchased from American Type Culture Collection (Rockville, MD). Rat collagen type I al and a2 chains (palRl and pa2R2) were obtained from D. Rowe (16) . A 330-bp HincII-EcoRV fragment (pDT 1 505) for mouse type III collagen was a gift from B. Crombrugghe (University of Texas).
Results
Northern blot analysis was performed on total RNA obtained from anatomically different regions of the rat heart ( Fig. 1 A) . Steady-state mRNA levels for cardiac fibronectin were considerably greater in the atria than ventricles, with no marked differences between the left and right atria or between left ventricle, right ventricle, or septum. Atrial tissue contained 10-fold 40 ,ug of protein from the SDS extract of homogenates prepared from the designated region of the heart. Immunodetection was performed using a goat anti-rabbit polyclonal antibody to fibronectin as a first antibody and chemiluminescence emitted from oxidized luminol as the detection method.
binds to both fibronectin and collagen (17). Interestingly, the distribution ofthe (31 integrin mRNA was similar both in atria and ventricles, as were the mRNA levels for glyceraldehyde-3-phosphate dehydrogenase (GAPD), which was included as an example of a constitutively expressed gene. Western blot analysis for fibronectin was performed on cardiac tissue samples to determine the relationship between changes in mRNA and protein. By use of methodology developed previously to measure fibronectin in the aorta (8) , tissue samples were homogenized and centrifuged, and the pellet was extracted with 4% SDS. Fig. 1 B shows the distribution of immunoreactive fibronectin in the SDS extracts from atrial and ventricular tissue. There was four to fivefold more fibronectin in atrial samples than ventricles and little detectable difference between the left and right segments ofthe heart. These findings were in good agreement with data from Northern blot analysis, consistent with transcriptional events having a role in influencing the amounts of tissue fibronectin.
Cardiac hypertrophy was induced by the administration of triiodothyronine over a I0-d period, and changes in steadystate mRNA levels for fibronectin were determined. Table I summarizes the changes observed in cardiac weight and blood pressure for 43 animals used for the thyroxine studies. Heart weight was increased in response to hormone injection, consistent with previous data showing triiodothyronine rapidly induces cardiac hypertrophy (18, 19) . Body weight increases over the 10-d treatment period were comparable in control and treated animals, and weight losses did not occur. Systolic blood pressures in the treated animals were elevated to levels consistent with moderate hypertension (150-160 mmHg). Fig. 2 shows representative Northern blot analysis for fibronectin mRNA in ventricular and atrial tissue from control and triiodothyronine-treated rats. There was a significant increase in steady-state mRNA levels of fibronectin in both the left and right ventricles after only 3 d of treatment. This increase persisted throughout the day 6 and then decreased between 6 and 10 d. A similar pattern of change in steady-state mRNA was observed for (31 integrin in the ventricles, whereas no change was obvious for GAPD. Quantitative densitometric analysis of the mRNA was expressed as a ratio offibronectin to GAPD for each RNA sample; the data indicated a fourfold increase in left ventricular free wall and a sixfold increase in right ventricular free wall fibronectin mRNA between 3 and 6 d of treatment, followed by a return to control levels. Analysis of the changes for the (I integrin subunit mRNA relative to the GAPD signal more fibronectin mRNA than ventricular tissue, as measured by densitometry using six separate comparisons from different animal pools. The levels of fibronectin mRNA in whole heart were reflective of the amounts found in ventricles, which comprise most ofthe cardiac mass. Analysis of mRNA for both the a 1 chains of collagen type I and III, which represent the most abundant forms of collagen in the extracellular matrix of cardiac tissue, also showed major differences in distribution between atrial and ventricular segments, the differences paralleling those found with fibronectin, with the atria containing twoto fourfold more collagen mRNA than ventricles. We also analyzed mRNA levels for the (I subunit of the integrin family, which is known to be a component ofan integrin receptor that there was a clear dissociation between mRNA and protein expression in this model of cardiac hypertrophy. Fig. 3 B is a duplicate gel to that used for Western blotting, and staining with Coomassie blue indicated comparable amounts ofprotein in all samples with no major differences in the amount or profiles of stainable proteins during the course of treatment.
The availability of specific probes that permit a distinction to be made between alternatively spliced forms of fibronectin made it possible to further characterize fibronectin expression during triiodothyronine treatment using RNase protection assays. The cRNA probes used for these assays included regions contained within the alternatively spliced exons and also conFlbronectin tained adjacent type sequences that were common to all forms 4.0Kb (Fig. 2 B) , but the changes were visibly less than those seen in ventricles;
.p 4 A summarizes data on the expression of fibronectin mRNA either lacking or containing the inserts designated EIIIA and EIIIB in both atria and ventricle of control rats. There was uniformly more fibronectin in the atria than ventricle, consistent with Northern blot analysis. Quantitation ofthe relative amount of EIIIA-containing fibronectin mRNA relative to total detected fibronectin mRNA in the heart indicated that 44% of the total contained the EIIIA exon. In contrast, cardiac fibronectin containing the EIIIB exon was much less abundant both in atria or ventricles, amounting to only 4% of the total fibronectin mRNA in all samples analyzed.
Because of the high levels of EIIIA-containing fibronectin mRNA in cardiac tissue and the absence of available data on fibronectin isoform distribution in noncardiac tissues of the rat, we analyzed isoform expression in different tissues of the adult rat by ribonuclease protection assays (Fig. 4 B) . The tissue comparisons indicate that fibronectin was most abundant in liver, aorta, and lung, with liver mRNA mainly lacking the EIIIA and EIIIB exons, a finding established previously by others (20, 21) . Cardiac tissue contained relatively small amounts of fibronectin mRNA, as did brain and diaphragm. Quantitation of the data in Fig. 4 , combined with analysis of tissue RNA using a probe specific for exon V (data not shown), permitted an expression of the relative distribution of alternatively spliced exons in the different tissues (Table II) . Cardiac tissue contained the highest amounts ofEIIIA-containing fibronectin mRNA (44%) and liver the least (2%). The distribution of EIIIB-containing fibronectin mRNA was low in all tissues, including the heart, and did not exceed 10% of the total fibronectin, whereas the V exon was found in all samples at levels approximating 50% of total fibronectin mRNA detected.
RNase protection assays were also performed on samples from triiodothyronine-treated animals (Fig. 5) . The samples used in the RNase protection assays were pooled from five or six different animals and thus represent a mean value for that treatment timepoint. Consistent with the findings from Northern blot analysis, left ventricular RNA samples contained more fibronectin mRNA for all forms of fibronectin between days 3 and 6 of treatment (Fig. 5 A) . Densitometric analysis indicated that EIIIA-containing fibronectin mRNA had increased after 3 d (2.5-fold over control), whereas fibronectin mRNA lacking the EIIIA insert was most abundant at day 6 (2.5-3-fold). As a consequence, the relative amount ofEIIIA-containing mRNA was maximal after 3 d of treatment (60%) and subsequently returned to control levels by day 10. EIIIB-containing mRNA (Fig. 5 A) increased sevenfold after 6 d, with the relative amount increasing to 10% of total fibronectin mRNA before declining to control amounts by the 10th d. When atrial RNA was analyzed (Fig. 5 B) , the relative amount of EIIIA-contain- ing mRNA increased between the 6th and 10th d, whereas the relative amount of EIIIB-containing mRNA increased slightly after 3 d and had returned to control levels after 10 d of triiodothyronine treatment.
Cardiac hypertrophy was also induced in rats by administration of DOC/salt, the hypertrophy presumably resulting from the pressure overload. After 7 and 21 d ofDOC/salt treatment, systolic blood pressure averaged 138 and 183 mmHg, respectively, whereas control animals had pressures below 120 mmHg (Table III) . Heart-to-body weight ratios were significantly elevated even after 7 d of DOC/salt treatment. Fig. 6 shows representative data for ribonuclease protection assays performed using total RNA from cardiac tissue of control and DOC/salt-treated rats. These assays were repeated using two or three different animals for each time point, and similar results were observed. EIIIA-containing fibronectin mRNA increased 2.5-fold after 7 d of treatment (Fig. 6 A) , whereas mRNA lacking EIIIA increased twofold, thereby increasing the relative amount of EIIIA-containing fibronectin mRNA to 55%. After (Fig. 6 B) , no major changes were seen as a result of DOC/salt treatment for either fibronectin mRNA containing or lacking EIIIA, in marked contrast to ventricular tissue. Protection assays using the probe for EIIIB did indicate a small increase after 7 d that persisted for 21 d. EIIIB-negative forms did not increase during treatment; thus, the relative amount of EIIIB-containing mRNA increased slightly both in atria and ventricles of the DOC/salt model.
Western blot analysis of tissue extracts from ventricles of DOC/salt-treated animals using a polyclonal antibody directed against plasma fibronectin, which recognizes all forms of fibronectin, showed no measurable increase in fibronectin after 7 d oftreatment (Fig. 7 A) (Fig. 7 B) , indicating that at least part ofthe increase was cellular in origin. Discussion
In this study we have shown a markedly different distribution of fibronectin mRNA and protein in the adult rat heart. Fibronectin mRNA and protein were considerably more abundant in atria than in ventricles, with only minor differences between the left and right sides ofthe heart, demonstrating a good correlation between mRNA levels and levels of expressed protein.
Northern blot analysis showed collagen mRNA to be more abundant in atria, consistent with a recent study showing 2-2.5-fold higher amounts ofhydroxyproline in atria than ventricle of the adult rabbit heart (22 though, interestingly, the mRNA levels for (31 integrin, coding for an integrin subunit thought to participate in both fibronectin and collagen-cell interactions, were equally distributed between atria and ventricle. The enhanced expression offibronectin in atria may also be due to the presence of growth factors such as transforming growth factor-,81 and basic fibroblast growth factor (bFGF), known to be present at higher amounts in the atria (23) (24) (25) , which have been shown to influence the expression of fibronectin and other extracellular matrix proteins. Fibronectin has been shown to have a critical role during organogenesis ofthe heart (26, 27) , and several pathophysiological models have been used to study the expression offibronectin in the myocardium. After either surgical ventriculotomy (28) or experimental myocardial infarction (7, 29) , immunohistochemical analysis showed increased fibronectin accumulation within the injured region. An MAb directed against the EIIIA insert was used in one study (29) to permit a histochemical distinction between cellular and circulating fibronectin. An increase in plasma fibronectin was detected early ( 1-2 d) after the development of experimental myocardial infarction, whereas cellular fibronectin synthesis was detected after 3 d and had significantly increased after 7-15 d. This study documents an association between increased fibronectin expression and the development of cardiac hypertrophy. Hypertrophy is a characteristic response ofthe heart to a sustained increase in workload. Associated with morphological and functional changes, diverse biochemical changes have been studied during the development of cardiac hypertrophy. The changes studied most intensely with respect to hypertrophy include alterations in expression of intracellular proteins, particularly those of the contractile apparatus (30, 31), whereas changes in the extracellular matrix have focused largely on collagen (32) . In the two models ofhypertrophy used in this study, a selective effect on ventricular fibronectin was observed, although distinctions were found in the temporal pattern of mRNA induction and protein expression during the treatment protocols. These observations are reminiscent ofthe pattern of expression of atrial natriuretic factor, which. is expressed primarily in atrial tissue ofadult rats but is produced in increased amounts by both ventricles with biventricular hypertrophy (33) .
In the only reported study employing an acute model of pressure overload (6), immunofluorescent fibronectin was found 2 d after surgery in focal areas where myocytes showed signs of necrosis and subsequently accumulated in septa where necrosis was not evident. In contrast to aortic-coarctation or DOC/salt-induced cardiac hypertrophy (6, (34) (35) (36) , the hypertrophy induced by triiodothyronine is known to be biventricular with an absence of obvious myocyte loss, focal necrosis, fibrosis, or other major histological abnormalities (23, 37) . Triiodothyronine effects on the heart are a result of complex interactions between peripheral and direct effects. The direct effects of the hormone are presumably mediated by a mechanism involving transcriptional activation by the c-erbA protooncogene product (38, 39). In one study, a direct transcriptional activation effect on liver fibronectin was observed (40) , which may explain the association between thyroid hormone and elevated plasma fibronectin (41) .
Myosin heavy chain expression in the heart is influenced by thyroid hormones in rodent models, and a switch between expression of the a and : forms of myosin heavy chain only occurs in ventricles when the thyroid status is altered (42) . Distinctions in ventricular myosin isozyme patterns between pressure-overloaded and thyroid-induced hypertrophy of rabbit hearts have been described, even for the right ventricle (43), consistent with a specific and probably direct effect of triiodothyronine on cardiac tissue. We observed a rapid induction of fibronectin mRNA after only 3 d of treatment, but hypertrophy did occur within this time frame, and altered expression of myosin isozymes and other genes (44, 45) have been documented several days after alterations in thyroid hormone status.
The transient nature of fibronectin mRNA expression clearly differed from that of immunoreactive protein in the hyperthyroid model during the 10 d of treatment. It is possible that the turnover of fibronectin is relatively slow in the heart; thus, the progressive increase in immunoreactive protein that we observed could reflect increased synthesis between 3 and 6 d concomitant with slow or reduced degradation. There is no published information of fibronectin turnover in the heart, but a review of studies in cultured cells has indicated that fibronectin biosynthesis is regulated primarily by transcriptional mechanisms (46) . Regardless of whether transcriptional or posttranscriptional mechanisms are involved, there was a clear temporal dissociation between steady-state levels of mRNA and accumulation of immunoreactive proteins in the ventricles for both models used in this study.
Most ofthe available information on the relative expression of isoforms of fibronectin has been obtained from a variety of cultured cells. Since cultured cells may express isoforms normally not seen in vivo, caution has to be used in interpreting such data. We have compared the amounts of mRNA for three alternatively spliced fibronectin isoforms in the heart and several other tissues ofthe adult rat. The relative amount of EIIIAcontaining fibronectin isoform was surprisingly high in the heart and brain, although these organs contained a relatively low amount of total fibronectin mRNA compared with other tissues. No specific biological function has been assigned to EIIIA-or EIIIB-containing fibronectin, largely because of difficulties in obtaining purified forms of the different isoforms; however, recent studies with specific isoforms produced by retrovirus infected cells suggested that proteins containing the exons have an improved ability to enhance matrix formation (47) .
In both experimental models used in these studies, the relative amount of EIIIA-containing fibronectin mRNA increased slightly during the induction ofcardiac hypertrophy and subsequently returned to control levels. The increase in the relative amount of EIIIB was transient in the triiodothyronine-treated animals and was seen only when cardiac hypertrophy was well established in the DOC/salt model. Embryonic isoforms of fibronectin are known to have a high relative content of EIIIAand EIIIB-containing mRNA (48), and increased expression of both isoforms also has been observed in a tissue-specific manner during wound healing and oncogenic transformation (21, 49) . Those conditions have in common the proliferation and differentiation of specific cell types, events that also occur during the development of cardiac hypertrophy. Myocardial hypertrophy, whether induced by pressure overload or thyroid hormones, is known to be accompanied by the reexpression of fetal isoforms of genes for myosin heavy chain (50) .
Fibronectin expression was increased using two in vivo models of cardiac hypertrophy in this study, and in a previous Fibronectin Expression in the Rat Heartstudy we showed that fibronectin expression was increased in aortic tissue during the induction of aortic hypertrophy (8) . Taken together, these data show an association between cellular hypertrophy and fibronectin induction. In the DOC/salt model, focal scars have been reported to appear in the heart (35, 36) , and it is possible that the large increase in fibronectin expression we observed was associated with endothelial and fibroblast cell proliferation and infiltration. We noted a large increase in immunoreactive EIIIA-containing fibronectin after 21 d of treatment, and analogous increases have been characteristic of wound-healing models (29). The DOC/salt model clearly includes pressure overload as a major factor in inducing cardiac hypertrophy, but the endocrine abnormalities and increased presence ofplasma catecholamines in this model make the pathophysiology complex. In our studies, we also observed patchy areas of scarring by gross inspection in hearts from animals treated with DOC/salt for 21 d. We confirmed that these regions were fibrotic histologically. No areas of scarring were observed in animals treated for 14 d or in the animals given triiodothyronine.
It is difficult to determine the relative contribution of the different cell types within the heart to the changes in fibronectin expression caused by triiodothyronine or DOC/salt treatment. Studies with cultured cells have established that nonmyocytic cardiocytes synthesize fibronectin much more actively than cultured neonatal myocytes (4), but studies with cultured cells may not accurately reflect the properties ofthose cells in the normal heart. The changes seen after treatment with triiodothyronine are less likely to be due to fibroblast proliferation and may reflect a response of cardiac myocytes. Triiodothyronine has recently been shown to regulate the expression of myosin isoforms in cultured cardiac myocytes (51) transfected with the 5'-flanking region ofa-myosin heavy chain gene, indicating a direct effect of triiodothyronine on cardiac myocytes. Skeletal a-actin has been shown to be reinduced in cultured rat cardiac myocytes during adrenergic induction of hypertrophy (52) . This shift from cardiac a-actin to skeletal a-actin in isolated neonatal myocytes reproduced the isoactin switching previously seen in overload-induced hypertrophy of the adult rat heart in vivo (53) . Furthermore, the selective changes in actin and myosin isoforms that occur between atria and ventricle in both pressure overload-and triiodothyronine-induced hypertrophy are analogous to the selective changes we observed in fibronectin expression, suggesting the myocyte as a possible target cell. In situ hybridization would be the experimental method of choice to address the issue of cell type response.
Different models of hypertrophy are associated with different intracellular signals generated by various hormones and growth factors. Studies using cultured rat neonatal myocytes have demonstrated that mechanical stretching can directly regulate gene transcription without the participation of humoral factors in cardiocytes (54) . Transforming growth factor-,3 has been shown to influence fibronectin expression in several cell types and is thought to regulate extracellular matrix components during several models of injury, including wound repair (55) and postischemic events in the myocardium (25) . However, studies using various cell types have shown that fibronectin can be influenced by many regulatory substances, including epidermal and platelet-derived growth factors, glucocorticoids, and cAMP (56, 57); and it seems likely that a multifunctional protein such as fibronectin would be under complex regulation during cardiac hypertrophy.
